Lumen formation is important for morphogenesis; however, an unanswered question is whether it involves the collective migration of epithelial cells. Here, using a collagen gel overlay culture method, we show that Madin-Darby canine kidney cells migrated collectively and formed a luminal structure in a collagen gel. Immediately after the collagen gel overlay, an epithelial sheet folded from the periphery, migrated inwardly, and formed a luminal structure. The inhibition of integrin-b1 or Rac1 activity decreased the migration rate of the peripheral cells after the sheets folded. Moreover, lumen formation was perturbed by disruption of apical-basolateral polarity induced by transforming growth factor-b1. These results indicate that cell migration and cell polarity play an important role in folding. To further explore epithelial sheet folding, we developed a computer-simulated mechanical model based on the rigidity of the extracellular matrix. It indicated a soft substrate is required for the folding movement.
Introduction
Lumen formation is required for embryonic morphogenesis [1] . Madin-Darby canine kidney (MDCK) cells form a luminal structure in three-dimensional (3D) culture environments. MDCK cells embedded in collagen gel form a cyst, retaining their apical and basolateral polarity. The addition of hepatocyte growth factor to the cyst leads to the formation of tubular extensions [2] . During lumen formation, the elimination of polarity causes the formation of abnormal luminal structures. The inhibition of integrin-b1 or Rac1 activity inverts cell polarity and perturbs lumen formation, and under these conditions, the inhibition of RhoA expression rescues normal polarity and luminal morphogenesis [3, 4] . Lumen formation is induced by overlaying an MDCK monolayer sheet with a collagen gel, a technique [5] that facilitates the reorganization of apical-basolateral polarity; however, lumen formation is prevented in the presence of antibodies that inhibit integrin-b1 activity [6, 7] . Further, constitutively-active and dominant-negative forms of Rac1 or RhoA influence lumen formation after a collagen gel overlay [8] . Taken together, these results indicate that integrins and small G proteins play essential roles in determining polarity and lumen formation.
Collective cell migration is an important activity of epithelial cells, especially in developmental morphogenesis in vivo. Examples include border-cell migration in Drosophila, lateral-line migration in zebrafish, and gastrulation in vertebrates [9, 10] . The collective migration of epithelial cells occurs in response to various extracellular stimuli such as signaling molecule gradients, substrate rigidity, and wound healing. In collective migration, a ''leader cell'', which is a specialized cell with a large lamellipodium, often appears at the edge of an epithelial sheet and accompanies neighboring cells called ''follower cells'' [10] [11] [12] . However, it is unknown whether collective cell migration is involved in lumen formation.
Integrins and small G proteins regulate cell migration. Integrins form heterodimers of a and b subunits and interact with the extracellular matrix (ECM). Integrin-b1 interacts with collagen fibers and generates signals that control cell motility, proliferation, survival, and differentiation [13] . Small G proteins act as downstream components of the integrin signaling pathway and serve as key regulators of actin organization. Examples include the lamellipodial activity of Rac1 as well as filopodia formation and actomyosin contractility mediated by Cdc42 and RhoA, respectively [14] . Actomyosin is a complex of actin filaments and myosin II. Myosin II provides motor activity when Ser19, Thr18, or both of the myosin regulatory light chain (MRLC) are phosphorylated by the Rho-Rho kinase (ROCK) or CaM-MLCK pathways, or both [15, 16] . During cell migration, integrin-b1 localizes to the leading edge and interacts with the ECM [17] [18] [19] while Rac1 induces the extension of lamellipodia at the leading edge, and RhoA regulates the actomyosin contractile force through phosphorylation of the MRLC [16] .
In the present study, we show that a collagen gel overlay induced epithelial sheet folding from the periphery that migrated inwardly, resulting in the formation of a luminal structure in a collagen gel. We demonstrate that these processes required integrin-b1, Rac1, and cell polarity. To explain the folding phenomena, we conducted a computational analysis that considered the rigidity of the surrounding substrate.
Materials and Methods
Cell culture and 3D collagen culture assay MDCK cells were obtained from the Riken Cell Bank and maintained in Dulbecco's modified Eagles' medium (DMEM; Sigma-Aldrich, St. Louis, MO) containing 10% fetal bovine serum (FBS; Equitech-Bio. Inc., Kerrville, TX) and 1% antibiotic/ antimycotic solution (Sigma-Aldrich). The cells were incubated in a humidified incubator at 37uC in an atmosphere containing 5% CO 2 . A 1.6 mg/ml collagen type I gel consisting of Cellmatrix type I-P (Nitta Gelatin Inc., Osaka, Japan) was used for the collagen overlay assay. First, an 8.0-or 12.5-mm radius glass dish was filled with 150 or 300 ml of the collagen gel, respectively, onto which trypsinized cells (1.0610 3 or 2.0610 3 , respectively) were seeded. After culture for 4 or 5 days, a collagen gel solution (equal in volume to the first gel layer) was poured onto the cells and incubated for 30 min at 37uC and allowed to gel. The dish was then filled with culture medium. To observe gel deformation or the migration rate of each epithelial cell during lumen formation, an epithelial sheet was generated on a collagen gel. A plastic circular cylinder (1.5-mm radius) was glued to a 5-mm radius glass coverslip. A hole was introduced in the cover slip along the inside edge of the plastic cylinder. A 12.5-mm radius glass dish was filled with 300 ml of collagen gel. Before the dish was filled with culture medium, the plastic cylinder attached to the cover slip was placed onto the center of the collagen gel. After confirming that the cover slip adhered to the gel surface, culture medium was added around the cylinder. MDCK cells were then added to the cylinder and incubated overnight. The cylinder was removed gently to reveal an epithelial sheet on the collagen gel. The cells were overlaid with the collagen gel that was embedded with 2.0-mm latex beads (Polysciences, Inc., Warrington, PA) to allow observation of the deformation of the collagen gel induced by cellular contractile forces. Coverslips coated with 10% collagen type I (Cell matrix I-C, Nitta Gelatin Inc.) served as glass surfaces. For the collagen gel sandwich assay, the collagen solution was layered over the coverslip with a radius smaller than that of the glass dish. After the collagen gelled, the coverslip was gently placed onto the MDCK sheets, collagen-side down.
Reagents
Monoclonal antibody (mAb) AIIB2 (the Developmental Studies Hybridoma Bank at the University of Iowa), Rac1 inhibitor II (Z62954982, Calbiochem, La Jolla, CA), and Y27632 (SigmaAldrich) were used to inhibit the activities of integrin-b1 [20] , Rac1, and ROCK, respectively. Transforming growth factor (TGF)-b1 (#1210209 F2011, PeproTech, Inc., Rocky Hill, NJ) was used to alter apical-basolateral cell polarity. Roscovitine (Calbiochem) was used to inhibit cell proliferation. For fluorescence staining of F-actin, Alexa Fluor-488 phalloidin (Invitrogen, Carlsbad, CA) was diluted 1:500. For immunofluorescence staining, antibodies used were as follows: anti-pig collagen (Monosan, The Netherlands); anti-phospho-MRLC (Thr18/ Ser19) (diphosphorylated MRLC, PP-MRLC) rabbit IgG, TriMethyl-Histone H3 (Lys4) (C42D8) rabbit mAb for nuclei, and phistone H3 (S10) rabbit mAb (p-Histone) (all from Cell Signaling Technology Japan, K.K., Japan); anti-gp135 (a gift from Dr. George Ojakian, Department of Cell Biology, SUNY-Downstate Medical Center) for gp135; rr1 (the Developmental Studies Hybridoma Bank at the University of Iowa) for E-cadherin; and AIIB2 for integrin-b1. The dilution of each antibody was as follows: collagen 1:20, PP-MRLC 1:100, nuclei 1:4000, p-histone 1:1000, gp135 1:300, E-cadherin 1:200, and integrin-b1 1:100. Alexa Fluor-594-labeled goat anti-mouse IgG (H+L; Invitrogen), Alexa Fluor-594-labeled goat anti-rabbit IgG (H+L; Invitrogen), and Alexa Fluor-594-labeled donkey anti-rat IgG (H+L; Invitrogen) were used as secondary antibodies (10 mg/ml). DAPI was used to stain nuclei (a gift from Dr. Ushiki and Dr. Hoshi, Niigata University).
Recombinant plasmid construction and transfection
A plasmid encoding the membrane trafficking domain of human H-Ras [21] and Azami-green (AG), which is a green fluorescent protein produced by Galaxeidae coral [22] , was generated and designated phmAG1-H-Ras-CAAX. The H-Ras CAAX motif was then ligated to phmAG1-MCLinker (Takara Bio Inc., Shiga, Japan). The DNA sequence of the H-Ras CAAX motif was designed with the EcoRI and BamHI sites by using the following primer set: 59-GATCCGGCTGCATGAGCTGCAAG-TGTGTGCTCTCCTGAG-39 (forward) and 59-AATTCTCAG-GAGAGCACACACTTGCAGCTCATGCAGCCG-39 (reverse). The motif fragment was ligated into the phmAG1-MCLinker digested with EcoRI and BamHI. After constructing the AG-CAAX plasmid, MDCK cells on a plastic dish were transfected with the plasmid using Lipofectamine 2000 (Invitrogen). Colonies of transfected cells were selected using media containing G418 (Promega, Fitchburg, WI) and were harvested using a micropipette to establish the transgenic cell line MDCK-CAAX.
Time-lapse imaging
Immediately after the gel overlay procedure, the dish was filled with culture medium and sealed with silicone grease to avoid exposure to air and changes to the pH of the medium. A phasecontrast microscope (TE300; Nikon, Tokyo, Japan) equipped with a 106 objective lens and an acrylic resin incubation box maintained at 37uC was used for time-lapse observations. Image-Pro software (Media Cybernetics Inc., Silver Spring, MD) was used to capture images every 5 min, and the images were edited to create movies. MDCK-CAAX cells were imaged using a confocal laser scanning microscope (TCS-SP5; Leica Microsystem CMS GmbH, Germany) coupled to a Leica DMI6000 CS microscope. Cells cultured with a collagen gel embedded with beads were imaged using a confocal laser scanning microscope (A1R Confocal Imaging System (Nikon)). The TCS-SP5 or A1R were equipped with a 636 or 606objective lens, respectively, and maintained at 37uC. Images were captured at 20 min or 10 min intervals for TCS-SP5 or A1R, respectively.
Analysis of migration velocity
To determine the migration velocity of epithelial cells, timelapse images were acquired after overlay of the collagen gel. The sizes of the folded area (S) and the outer perimeter of the epithelial sheet (P) were calculated using Image Pro software (Fig. 1A) . The average distance from the outer periphery to the leading edge was calculated using the equation S/P. The distance was plotted as a function of the observation time, a linear approximation was applied, and the slope was defined as the migration velocity. Inhibitors were added individually during lumen formation, after which the change of velocity was estimated. To calculate the migration velocity of epithelial cells on a glass surface, an epithelial sheet was formed on a collagen-coated glass coverslip using a cylinder. After the cylinder was gently removed, cell migration in the horizontal plane was observed. The area of migration (S9) and the length of the epithelial sheet in the vertical plane (L) were measured using Image Pro software (Fig. 1B) . The average migration distance was calculated using the equation S9/L. The migration velocity was estimated by plotting the distance as a function of time.
Immunofluorescence
Cells were fixed with 1% or 2% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min for PP-MRLC or other proteins, respectively. The samples were permeabilized by incubation in 0.5% Triton-X100 in PBS for 10 min and blocked with 0.5% skim milk (Megmilk Snow Brand Co., Ltd., Hokkaido, Japan) in PBS for PP-MRLC or with 0.5% bovine serum albumin (Sigma-Aldrich) in PBS for other proteins. All samples were incubated with primary antibody overnight at 4uC for nuclei or at room temperature for other proteins. The appropriate secondary antibody and Alexa Fluor-488-conjugated phalloidin were then added for 3 h at room temperature. Cells were incubated with DAPI at 37uC for 1 h to stain nuclei. Images of fluorescent cells were captured using a confocal laser scanning microscope (C1 confocal Imaging System (Nikon) or A1R Confocal Imaging System).
Collagen Zymography
The culture supernatant of MDCK cells was harvested during lumen formation and mixed with and equal volume of 26 loading buffer (0.5 M Tris-HCl, pH 6.8; 3% glycerol; 0.004% bromophenol blue). The samples were subjected to 0.25% collagen-7% SDSpolyacrylamide gel electrophoresis. After electrophoresis, gels were washed with renaturation buffer (2.5% Triton-X100; 54 mM Trisbase, pH 7.5; 200 mM CaCl 2 ; and 200 mM NaCl) and incubated in a developing buffer (54 mM Tris-base, pH 7.5; 200 mM CaCl 2 ; and 200 mM NaCl) at 37uC for 24 h. The gel was stained with Coomassie brilliant blue R250.
Results

A collagen gel overlay induced lumen formation by an epithelial sheet
An MDCK epithelial sheet was cultured on a collagen gel and overlaid with another collagen gel. Immediately after the overlay, the MDCK cells began to fold from the periphery and migrated collectively toward the center of the epithelial sheet at a constant velocity, forming a lumen structure ( Fig. 2A-C , Movie S1). Folding occurred only when the upper and lower substrates were collagen gels, and they were not induced if the upper or lower substrate was a collagen-coated glass coverslip (Fig. S1) .
To obtain high-resolution images of cell morphology during lumen formation, we performed 3D imaging of viable MDCK-CAAX cells. The cells migrated from the periphery toward the center of the epithelial sheet and maintained the sheet structure, which finally formed the luminal structure (Fig. 2D , Movie S2).
The luminal structure maintained the initial shape of the epithelial sheet before and after the gel overlay. For example, the epithelial sheets were cut in an arbitrary shape using a micromanipulator (Fig. S2 , Movies S3, S4, S5, S6). When the epithelial sheet was shaped into letters such as ''L,'' ''O,'' ''V,'' or ''E,'' the luminal structure retained its shape after the gel overlay.
Cells near the leading edge contributed to folding
We determined whether all of the cells within the colony migrated during the folding of MDCK cell sheets by measuring the cells' velocity field. Mosaic colonies were formed by mixing fluorescent cells with nonfluorescent cells that were cultured on a collagen gel. After the collagen-gel overlay, folding was monitored simultaneously using phase contrast and fluorescence microscopy ( Fig. S3 ). The cells near the leading edge migrated at the same rate as the leading edge moved ahead. In contrast, the cells distant from the leading edge rarely migrated.
Inhibition of either integrin-b1 or Rac1 delayed lumen formation
To determine the contribution of cell migration to lumen formation, we treated cells with AIIB2, Z62954982, or Y27632 to inhibit integrin-b1, Rac1, or ROCK, respectively. To minimize experimental error, large epithelial sheets were prepared so that folding initiated from relatively straight periphery (Fig. 3) . Compared with the control cells, the velocity of cell migration decreased in the presence of AIIB2 or Z62954982. In contrast, cells migrated faster compared with controls in the presence of Y27632.
The distance between the outer periphery and the leading edge of the fold was plotted as a function of time (Fig. 4A ). Cell migration was observed for 8 h before and after inhibitor treatment. The migration velocity was calculated from the slope of the linear approximation of the curve, and the ratio of change in migration velocity was estimated (Fig. 4B) .
To confirm whether Y27632 inhibited ROCK activity, we performed immunofluorescence staining of PP-MRLC in MDCK cells on a collagen gel (Fig. S4) . In untreated cells, PP-MRLC was localized to the smooth periphery of the colonies but was not detected when the cells were treated with Y27632 (Fig. S4A ). PP-MRLC was also detected at the periphery of leader cells. In contrast to the smooth edge, PP-MRLC was detected in leader (Fig. S4B) . Further, migration of leader cells was not prevented by Y27632 (Fig. S4C ).
In the experiments described above (Fig. 4) , the inhibitors were added 8 h after folding commenced. To determine whether integrin-b1, Rac1, and ROCK activities contribute to the initiation of folding, inhibitors were added for at least 30 min before the gel overlay. The ratio of the velocities of treated to untreated cells was estimated using the same methods described above (Fig. S5A, B) . Consistent with the data shown in Fig. 4 , AIIB2 and Z62954982 decreased the velocity of migration, and Y27632 had no significant effect.
The flattening of epithelial cells increased the surface area of the sheet during lumen formation
The epithelial colonies maintained the initial area of the sheet during folding ( Fig. 2A) , causing the surface area of the epithelial monolayer to double in size after lumen formation. To determine how the cells increased the surface area, we first observed whether the cells proliferated during folding. Histone-H3 Ser10 is phosphorylated during mitosis [23] . Few fluorescent cells were stained by the anti-p-histone antibody midway during folding (Fig.  S6A) . The cells were next treated with the inhibitor of cell division roscovitine, which did not prevent folding (Fig. S6B) . A Z-sectional view of the folding epithelial colony revealed that the cells in the top layer became flatter compared with those in the bottom layer (Fig. S6C, D) , suggesting that during lumen formation, the surface area of epithelial colonies was increased by the flattening of cells in the top layer.
Disrupting cell polarity inhibited folding of the epithelial cell sheet
We next focused on the contribution of cell polarity to epithelial sheet folding. Immunohistochemical analysis of the apical marker gp135 indicated that apical-basolateral polarity was maintained during epithelial sheet folding (Fig. 5A ) and that the apical surface of the cells always faced the inside of the epithelial sheet. When MDCK cells were treated with TGF-b1, which disrupts cell polarity [24] , the sheet did not fold in response to a gel overlay (Fig. 5A ), but instead, moved randomly and did not form luminal structures (Fig. 5B , Movie S7). TGF-b1 treatment significantly inhibited epithelial sheet folding (Fig. S7A, B) , which was indicated by the distribution of gp135, integrin-b1, and E-cadherin over the entire cellular surface, indicating that cell polarity was disrupted (Figs. 5A and S7C, D).
Integrin-b1 localized to the apical surface at the colony edge before the gel overlay
To observe how cells at the periphery of the colony initiate folding, we focused on integrin-b1, because pretreating cells with AIIB2 delayed lumen formation (Fig. S5) . We found that disrupting the localization of integrin-b1 prevented folding (Fig.  S7C) . Therefore, we reasoned that the polarized localization of integrin-b1 before the gel overlay played a key role in folding. We found that integrin-b1 localized to the entire cell surface only at the periphery of the colony (Fig. S8) .
During lumen formation, epithelial cells deformed a collagen gel through MRLC activity
Mechanical force plays important roles in morphogenesis [25, 26] ; therefore, we asked whether MDCK cells generate a mechanical force during folding. To answer this question, latex beads were mixed with a collagen gel, and lumen formation was observed. The beads moved by approximately 10.5 mm along the direction of cell migration on the X-Y plane, but rarely along the Z-axis, for 12 h after the gel overlay (Fig. S9A) . Actomyosin generates a contractile force through the phosphorylation of MRLC [15] . Therefore, we determined the localization of actomyosin within the colony. The images of fluorescently labeled F-actin and PP-MRLC showed that actomyosin localized to the leading edges of the folding MDCK sheet (Fig.  S9B) , and the localization of PP-MRLC revealed that leader cells were present in some regions of the leading periphery during folding. Because leader cells exert a traction force on substrates through PP-MRLC [27] , these results suggest that MDCK cells generated a traction force at the leading edge of cell migration during lumen formation.
MDCK cells degraded the collagen gel during lumen formation
In addition to traction force, the degradation of the ECM plays an important role in cell migration through a 3D matrix. Because MDCK cells secrete matrix metalloproteinase (MMP) isoforms that degrade collagen during tubulogenesis [28, 29] , we determined whether degradation of the ECM contributed to folding. Immunofluorescence staining of collagen detected a collagen gelfree region between collagen layer overlay and the bottom cell layer during folding (Fig. S10A) . We performed collagen zymography to determine whether MDCK cells degraded collagen. Considering the molecular masses of MMPs [30] , the result reveals that MDCK cells likely secreted MMP-8 during the folding phenomena (Fig. S10B) . To determine whether the degradation of the ECM contributed to folding, MDCK cells were treated with the MMP inhibitor GM6001 and overlaid with the gel. GM6001 treatment reduced the size of the collagen gelfree space, flattened the folding epithelial sheet, and decreased migration velocity (Fig. S10C, D) . These results suggest that the degradation of the ECM helps cells migrate smoothly through the collagen matrix. In addition to the traction force generated by MRLC, ECM degradation also plays an important role in gel overlay-induced lumen formation.
When sandwiched between collagen gels, epithelial cells did not migrate to the space around the colony
The inhibition of MMP activity by GM6001 reduced the size of the gel-free space, although the lumen still formed. This indicates that folding was not a variation of cell migration on a planar surface. In the collagen gel system, the cells degrade the surrounding substrate by secreting MMP, create the space between the top and bottom cell layer, and migrate on the surface of the gel layer. To determine whether folding was caused by the migration of cells to the collagen gel-free space, we observed MDCK cells by using a collagen gel sandwich assay. In the collagen gel sandwich assay, gelled collagen is layered on the colonies, in contrast to the collagen gel overlay in which the collagen solution gels after it is poured over the cells. By changing the order of gelation, the sandwich methods provide the cells with a gel-free region between the upper and lower gels (Fig. S11) . Despite the presence of a gel-free space surrounding the colony, the MDCK cells did not spread to the free space but migrated toward the center of the colony. Therefore, the collagen gel sandwich assay indicates that folding was not a variant of 2D cell migration. A soft substrate is required for folding
The rigidity of the ECM changes cell behaviors such as migration and adhesion [11, 31, 32] . To determine how a glass substrate prevented folding (Fig. S1 ), we focused on the rigidity of the substrate. To investigate the mechanical contribution of the substrate to folding, we performed a computational simulation by building a 2D mathematical model of a vertical cross section of an epithelial sheet. The parameters used in the model are shown in Fig. 6. Fig. 6A shows the 2D model of the MDCK cells and several definitions of the simulation (described in detail in Protocol S1). Each blue circle represents an MDCK cell. A chain of blue circles represents the vertical cross section of an MDCK sheet. The center of the chain is defined as the origin of the X-Z coordinate. The white dot represents the position of the center of the blue circle. Fig. 6 , B-F shows the five parameters used in the simulation. First, a force causing random motion is applied to the two points on the circumference of a circle (black dots in Fig. 6B ). The motion of the points is restricted on the X-Z plane. The force causing random motion is defined by Eq. 1 (all equations are explained in Protocol S1). Those positions are connected by a spring (illustrated as a black line in Fig. 6B , Eqs. 2A and 2B). Note that the first positional relationship between top and bottom dots is constant, just as apical-basolateral polarity is maintained during folding (Fig. 5A) . Second, Fig. 6C represents the repulsive force applied between the blue circles (Eq. 3). Third, shear tolerance is applied to maintain the monolayer. The blue circles are restricted by the springs, which are represented in black in Fig. 6D . The dynamics of the parallel springs are described by Eqs. 4A and 4B, and one of the crossed springs is described by Eqs. 5A and 5B. Fourth, Fig. 6E represents the rigidity of the substrate. During folding, cells adhered to surrounding ECM without a space (Fig. 2C ) and received the repulsive force from the substrate. The springs in Fig. 6E around the blue circles represent the repulsive force (Eq. 6). Last, the migratory force is applied as a driving force of cell migration after the gel overlay (Fig. 6F, Eq. 7) . Further, assuming that the viscosity of the cellular environment is sufficiently high, inertia can be ignored, and the velocity is proportional to the force [33] . Together, the dynamics of the circle position are described by Eqs. 8A and 8B.
By modulating these parameters appropriately, the model simulated folding (Fig. 7A , parameter values are presented at the end of Protocol S1). The monolayer buckled during folding, which did not occur in the MDCK cell sheet. This may be explained by the model's lack of a parameter for cell-substrate adhesion. Adding this parameter to the model is a challenge for the future.
We next increased the rigidity of the substrate to observe the contribution of substrate rigidity. The rigidity of the collagen gel here is approximately 0.6 kPa according to the results of another study [34] . The rigidity of a glass substrate (2-4 GPa) is virtually infinitely greater than that of the gel [32] . Therefore, we increased the spring constant to the maximum value for a rigid substrate and observed the shape of the monolayer. When the rigidity of the top or bottom spring was increased, the monolayer did not fold (Fig. 7B, C) . These results indicate the rigidity of the surrounding substrate plays important roles in the folding of MDCK cells after the gel overlay.
Discussion
Here we demonstrate that a collagen gel overlay induced the folding of an epithelial sheet from its periphery to form a luminal structure in a collagen gel. Although the migration of individual cells did not differ in a gel overlay or on a glass surface (Fig. S12 ) [35] [36] [37] , folding did not occur when the upper or lower substrates were glass coverslips (Fig. S1) . The rigidity of a substrate changes various cellular behaviors [11, 31, 32, 38] . For example, in MDCK cell cultures, directional collective migration is induced when the cells are cultured on a soft collagen gel [11] . We show here that similar collective migration occurs during lumen formation after the collagen gel overlay. Peripheral cells of the epithelial sheet migrated collectively toward the center of the colony after folding. Although these results indicate that a collagen gel provides a soft substrate for the collective migration of cells to form a luminal structure, the molecular mechanism is unknown.
Inhibitor treatment revealed that integrin-b1 or Rac1 activity, but not that of ROCK, contributed to cell migration velocity during lumen formation. These results are consistent with those of a previous study showing that ROCK inhibition enhances the migration of epithelial cells and fibroblast [39] . In addition, these results indicate that cell migration is essential for epithelial sheet folding and lumen formation, because integrin-b1 and Rac1 are crucial factors for cell migration, whereas ROCK contributes to the directional persistence of migration [40] .
Cell polarity is important for epithelial sheet folding that forms a lumen. Our immunofluorescence study demonstrates that apicalbasolateral polarity was maintained during lumen formation after a gel overlay. This result contradicts a previous study regarding lumen formation by MDCK cells cultured on a glass substrate in which the reorganization of cell polarity was observed after a collagen gel overlay, and cell migration was not observed [6] . These data suggest that the maintenance of cell polarity and cell migration are indispensable for lumen formation induced by folding of an epithelial sheet.
The observation of the velocity field during folding reveals that the cells around the migrating edge moved faster than those located elsewhere (Fig. S3) . A similar velocity field is observed in cell migration during wound healing where the cells around the wound edge migrate faster than those farther from the edge [41] . The structure of the leading edge of migration is also similar. Folding and wound healing are characterized by actomyosin fibers and leader cells at the leading edge [42] . In contrast, apicalbasolateral cell polarity shows a variable phenotype, which is lost in wound healing [43] but maintained during folding (Figs. 5 and  S8C, D) . These data suggest that maintenance of cell polarity is a specific component of folding and its further study may provide insights into the molecular mechanisms of lumen formation after the application of a gel overlay. We do know from our present study that the disruption of cell polarity by TGF-b1 prevented lumen formation, but how cells maintain polarity is unknown. The regulation and maintenance of apical-basal polarity in epithelial cells by the Par3/Par6/aPKC complex [44] suggests an avenue of investigation for future studies. For example, silencing the complex may reveal in detail the role of maintained cell polarity in folding.
When gel sandwich assay provided free space around the peripheral cells, the cells did not spread out but folded inwardly (Fig.  S11 ). This indicates that folding did not occur due to migration toward the matrix-free area. Because the peripheral cells faced the gel-free space between the top and bottom gel layers in the sandwich assay, whether apical-basolateral polarity was established at the edge should be considered. According to the results of previous studies, proper polarity of multicellular clusters is maintained while cell-ECM adhesion is prevented [2, 4] . Therefore, apical-basolateral polarity was possibly maintained even if the outer periphery of the MDCK colony did not adhere to the substrate. To investigate the cell polarity during gel sandwich assay, live-cell imaging of cells expressing GFP-integrin-b1 will be used.
Integrin-b1 localized to the apical surface at the periphery of the MDCK sheet before the gel overlay, and pretreatment with AIIB2 decreased the velocity of folding (Figs. S5 and S8 ). These data indicate that integrin-b1 is important for the initiation of lumen formation. Integrin-b1 is activated by adhesion to the ECM and promotes cell migration [13] , suggesting that apical integrin-b1 helps detect the collagen gel overlay and immediately initiates migration. Therefore, the presence of integrin-b1 on the apical surface may play a key role in initiating folding along the periphery of the sheet.
Integrin-b1 plays an essential role in the initiation of collective migration in vivo [45, 46] . For example, cell migration during gastrulation in frogs is similar to folding studied here. Thus, the sheets of mesodermal and endodermal precursors roll into the blastopore, reverse the direction of migration toward the animal pole, and migrate on the surface of the prefolded cell layer via radial intercalation [45] . The adherence of integrin-b1 to the ECM is required in the early stage of gastrulation [46] . Future studies on the downstream effectors of integrin-b1, such as paxillin or FAK [13] , may provide further insights into the role of integrinb1 in the initiation of folding.
Three-dimensional imaging of cells in a matrix embedded with beads revealed that the matrix was mostly deformed along the direction of migration of the cells and rarely in the Z-axial direction. Immunofluorescent staining of PP-MRLC showed that cells generated a traction force at the leading edge of folding movement (Fig. S9) . These results indicate that the cells generated a migratory force, which was used as the parameter in our simulation (Fig. 6F) , and that a Z-axial force may not be produced.
The computational simulation of folding yielded results similar to those acquired from our experiments using MDCK cells, except for the buckling of the bottom layer. This discrepancy may be explained by the absence of a parameter for cell-substrate adhesion in the simulation, which was omitted to simplify the model. Future studies will include this parameter to improve the mechanical model of folding.
Consistent with the folding of the MDCK sheet, the computer simulation showed that a rigid substrate prevented folding. Because we did not use exact values for all of the parameters, further analyses are required, such as measuring the deformation volume of the ECM, the traction force during cell migration, and cell-cell adhesion force.
Although there are no reports of folding of an epithelial sheet in vivo, the manipulation of lumen formation in vitro is a promising method for tissue engineering. Here we succeeded to generate arbitrarily shaped tubes in a collagen gel (Fig. S2) . If this method can be applied to vascular endothelial cells, then any branched blood vessel structure with an arbitrary shape can be formed and utilized for transplants.
In summary, a collagen gel overlay induced the integrin-b1 and Rac1-mediated folding of MDCK epithelial cells cultured on a collagen gel to form a luminal structure. Apical-basolateral polarity was maintained during the entire process. A computational approach, which considered stiffness of the surrounding substrate, simulated the folding of an epithelial sheet. Although the molecular mechanism of folding is unknown, the collagen gel overlay method shows great potential for tissue engineering. 
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